Orientation of cell division plane plays a crucial role in morphogenesis and regeneration. Misoriented cell division underlies many important diseases, such as cancer. Studies with Drosophila and C. elegance models show that Src, a proto-oncogene tyrosine-protein kinase, is a critical regulator of this aspect of mitosis. However, the role for Src in controlling cell division orientation in mammalian cells is not well understood. Using genetic and pharmacological approaches and two extracellular signals to orient cell division, we demonstrated a critical role for Src. Either knockout or pharmacological inhibition of Src would retain the fidelity of cell division orientation with the long-axis orientation of mother cells. Conversely, re-expression of Src would decouple cell division orientation from the pre-division orientation of the long axis of mother cells. Cell division orientation in human breast and gastric cancer tissues showed that the Src activation level correlated with the degree of mitotic spindle misorientation relative to the apical surface. Examination of proteins associated with cortical actin revealed that Src activation regulated the accumulation and local density of adhesion proteins on the sites of cell-matrix attachment. By analyzing division patterns in the cells with or without Src activation and through use of a mathematical model, we further support our findings and provide evidence for a previously unknown role for Src in regulating cell division orientation in relation to the pre-division geometry of mother cells, which may contribute to the misoriented cell division.
Introduction
Properly oriented cell division contributes to cell fate choice, tissue architecture, and morphogenesis. A cell's attachment to its adhesive microenvironment controls cell division axis through an intracellular signaling network in animals [1e3] . In asymmetric cell division, a conserved framework whereby cells asymmetrically distribute polarity-related molecules at the cell cortex controls the positioning of the mitotic spindle, and subsequently, cell division orientation. The partitioning defective (Par) complex, consisting of Par3, Par6 and atypical protein kinase C (aPKC), functions as a master polarity determinant involved in generation and maintenance of cortical polarity [4, 5] .
Cell geometry, particularly the long axis of non-spherical cells, also determines the orientation of division. In sea urchin embryos, when an applied mechanical force triggers a cell shape alteration, the cells tend to divide along their long axis (so called "long axis rule") [6, 7] . In plants, when cells divide in regions experiencing mechanical conflicts due to differential growth or spatial constraint, they build a new cell wall in the direction of maximal tension, irrespective of cell shape [8] . The evidence that mechanical cues might be involved in orienting the mitotic spindle also came from a series of experiments using single cells grown on adhesive micropatterns with defined geometry [9, 10] . In these experiments, the authors indicated that the pattern of the extracellular matrix (ECM) could override the effect of cell geometry and dictate the axis of cell division [9] .
Misoriented cell division and alterations in cell polarity proteins are common in a wide variety of cancers [11, 12] . As the first oncogene discovered, Src is an important signaling intermediate in multiple oncogenic signaling pathways and its overexpression and/ or high levels of activation occur frequently in tumor tissues [13] . However, inhibition of Src would result in loss of cortical cues and lead to spindle orientation defects [9] . Early observations also indicated an involvement of Src in the positive regulation of proper cell division orientation [14, 15] . Given these findings, it is likely that the roles of Src in modulating cell division orientation are conflicting: Src is abnormally activated in cancer cells, which have been linked to misoriented cell divisions; whereas inhibition of Src appears to be responsible for the decreased cell division orientation in living cells [9, 14, 15] .
Src in humans is encoded by the Src gene. The Src-family tyrosine kinases (SFKs) is comprised of nine family members: c-Src, Yes, Fyn, lyn, lck, Hck, Fgr, Blk, and Yrk that share similar structure and function [16, 17] . The structure of c-Src protein is composed of seven parts [13, 17, 18] : a myristoylated N-terminal segment (SH4 domain), a unique domain, followed by SH3, SH2, linker and tyrosine kinase domains (SH1 domain), and a short C-terminal negative regulatory region. The activity of the Src kinases is regulated through dephosphorylation/phosphorylation of specific tyrosine residues (Tyr416 and Tyr527). Src family tyrosine kinases play a crucial role in the assembly of focal adhesions, migration and invasion [19, 20] . Src affects cell adhesion and migration mainly through interactions with integrins [21] , actins [22] , GTPase-activating proteins [23] , scaffold proteins, such as p130 CAS and paxillin [21] , and kinases such as focal adhesion kinases (FAKs) [24, 25] . Src can also interact physically with multiple tyrosine kinase receptors via its SH2 domain and activate a cascade of downstream targets as well as modification of the cooperating receptor [13, 19] . These receptors include EGFR, ErbB2, PDGFR, FGFR, CSF1R, VEGFR and Met (hepatocyte growth factor receptor) [26e33] .
In the present study, we used genetic and pharmacological approaches to determine the role of Src in the geometry and adhesion pattern-regulated cell division orientation. We employed both micro-contact printing and electric fields (EFs) to control cell geometry and orientation of the long axis of cells, and demonstrated that Src decouples cell geometry from cell division orientation. We also showed that Src affects cell division orientation in breast and gastric cancer cells. Meanwhile, we propose a mechanism underlying the role of Src in guiding cell division orientation by examining the distribution of cortical actin-related proteins in the cells with or without Src activation. By analyzing the division patterns and aided by a mathematical model, we validated the plausibility of our hypothesis that Src activation regulates the accumulation and local density of adhesion proteins to the sites of cell-matrix attachment to affect the force balance on the spindle pole, which subsequently induces cell division misorientation.
Experimental procedures

Cell culture and division on micro-pattern
Wild type mouse embryonic fibroblast (WT-MEF), SYF (src, yes, and fyn triple knockout), SYF-KD (kinase-inactive Src), and c-Src (SYF knockdown and mouse c-src re-expressed) cell lines were gifts from Dr. George S. Laszlo and Prof. Jonathan A. Cooper (Clinical Research Division, Fred Hutchinson Cancer Research Center, Seattle, USA.). The expression of total Src and pY416-Src (p-Src) was verified by Western blotting (Fig. 1L) . WT-MEF, SYF, c-Src and SYF-KD cells and mammary cancer cell line MCF-7 cells were cultured in DMEM with 10% FCS and 2 mM glutamine at 37 C, and seeded on micropattern printed glass coverslips (CYTOOChips, CYTOO) in a 6-well plate according to the manufacturer's instructions. Briefly, cells were pelleted, resuspended in DMEM with 30% FCS and plated at 60,000 cells per well. As soon as cells began to attach, the culture medium was changed and the coverslip surface gently flushed to remove all unattached cells. Wells were incubated at 37 C for 2 h to allow full cell spreading. The culture media was replaced with CO 2 -independent medium (Gibco) containing 30% FCS and cell division was recorded overnight via time-lapsed phase contrast microscopy at 37 C.
Inhibitor treatments
PP2 (10 mM, Calbiochem) was added to culture medium 2 h after cell spreading on micropatterns and incubated overnight.
EF stimulation
Electric fields are known to polarize and orient cell division. EFs were applied to cells in vitro via an electric chamber, as described previously [34] : A roof consisting of a No. 1 glass coverslip was sealed on top of 2 smaller coverslips spaced 10 mm apart with high vacuum silicone grease (Corning) in a 100 mm culture dish (Falcon). The final interior dimension of the chamber, through which the electric current was passed, was 20 mm Â 10 mm Â 0.2 mm. WT-MEF, SYF-KD and c-Src cells were seeded at 1 Â 10 4 cells/cm 2 in electric chambers on Falcon tissue culture dishes for 3 h, allowing them to settle and adhere to the base of the dish, before EF exposure. Different strengths of EFs (100, 200 or 300 mV/mm) were supplied from a DC power source connected to silver/silver chloride electrodes immersed in Steinberg's solution and current was passed across the electric chamber through agaresalt bridges anchored at opposite ends of the chamber. This prevented diffusion of electrode products into the cultures. Cultures were recorded as outlined below.
Video microscopy
We used an inverted microscope (Axiovert 200, Zeiss) with a heated and motorized stage combined with a six-well plate to hold the printed glass coverslip. Metamorph software (Universal Imaging) was used for image acquisition. Hundreds of divisions were recorded overnight using time-lapse phase-contrast microscopy on a multi-field acquisition at a frame rate of one picture every 5 min with a 10Â objective. MATLAB 7.0 software was used to measure the angular distribution of spindle orientations. The distribution of division orientation was analyzed as described previously [35] with In EFs, q is defined as the angle between the long axis of cell division and the EF vector.
Tissue preparation
Collection of breast cancer patient tissue samples from surgical resections, in total four cancer samples and two normal samples, was approved by the institutional review board of the University of California at Davis. Four gastric cancer tissues and matching normal tissues were obtained from the General Hospital of PLA with the informed consent of patients and institutional approval. A hematoxylin and eosinestained section of all specimens from each patient was evaluated by a board-certified pathologist (GZ) for diagnosis confirmation and tumor content.
Sample preparation and staining
Interphase cells on micropatterned coverslips were fixed in 4% paraformaldehyde for 30 min and permeabilized in 0.2% Triton X-100 in PBS for 10 min. Paraformaldehyde-fixed tissue was rinsed in PBS, then permeabilized. 
Western blot
The expression of Src in WT-MEF, SYF, SYF-KD, c-Src, MCF-7 and PP2 treated MCF-7 cells was verified by Western blotting. The following primary antibodies were used: rabbit anti-phospho-Src (Try416) (1:1000, 2101 Cell Signaling), rabbit anti-Src (1:1000, 2108 Cell Signaling), and mouse anti-GAPDH (1:3000, G8795 SigmaeAldrich) was used as an internal control. HRP-conjugated antibody (1:2000, Invitrogen) was used as a secondary antibody.
In vivo cell division orientation measurements
In vivo cell division orientation was measured with 3-dimensional reconstructions of serial stacks, showing dividing cells at different angles of rotation and unambiguously identify the position of centrosomes. Imaging was carried out with an Olympus FluoView FV1000 confocal microscope. Stacks were collected at 0.25 mm intervals and were imported into Image J 1.46e for analysis.
Cell division angle relative to the apical surface of the breast ductal epithelium or gastric mucus was calculated from the spindle axis vector and a vector running tangential to the apical surface of the epithelium (Fig. 3G, I ). To confirm accuracy of calculations, measurements were also performed visually in the same images by three independent scorers in a blind fashion and the results were averaged.
Statistical analysis
The uniformity of angular data was assessed by conducting the Rao's Spacing Test, and the threshold for statistical significance was set at p < 0.05. Meanwhile, the results were also subjected to statistical analysis with SPSS v16.0 software for evaluation of directionality. P values were calculated with non-parametric two-tailed Kolmogorov-Smirnov test.
Results
Cell geometry regulated cell division orientation
We first used micropatterned substratum to control cell geometry. Wild type mouse embryonic fibroblast (WT-MEF) cells were plated on four different fibronectin coated patterns. Cells on a discshape (Fig. S1B) or crossbow ( Fig. S1C ) micropattern showed random distribution of division orientations, similar to cells on a non-patterned culture dish (Fig. S1A ). When grown on "I"-type or "Y"-type micropatterns, cells elongated and oriented their division axis along the underlying pattern (50% of dividing cells showed division direction between 54 and 126 ; Figs. S1D and E). We used the "I"-type micropattern in the following experiments for easy definition of the orientation of long axis of cells. During mitosis, cells on "I"-type micropattern first rounded up, then elongated to reach their final length before becoming furrowed, and divided into two daughter cells.
Src decoupled cell division orientation from cell geometry on a micropatterned substratum
To determine the role of Src activation in cell division orientation, we used serial strains of genetically modified cell lines, or acute pharmacological inhibition. We plated SYF cells (src, yes, and fyn triple knockout) on the "I"-type micropattern. The cell division axis of SYF cells was oriented preferentially parallel to the long axis of the "I"-type micropattern with a significantly higher percentage of cells dividing in an angle between 54 and 126 (62%; Fig. 1A and B), when compared with that in WT-MEFs (p < 0.01, Fig. 1A , B, D). Re-expression of Src (c-Src cells) abolished the increase and the cSrc cells divided with a cell division orientation the same as that in WT-MEFs ( Fig. 1A and B) . The gain of function (more oriented cell division in SYF cells) and loss of function (less oriented cell division in c-Src cells) suggest strongly that Src activation decouples cell division orientation from long axis orientation of mother cells.
We then tested if Src kinase activity was responsible for the decoupling effect. We used SYF cells re-expressing a kinase-inactive Src mutant (SYF-KD). SYF-KD cells on the "I"-type micropattern showed an enhanced cell division orientation preferentially parallel orientations in WT-MEF, SYF, c-Src, SYF-KD and PP2-treated WT-MEF cells. (C) Schematic to illustrate how angles were defined in EFs. The distribution of division orientation was analyzed by Rayleigh's distribution to give a mean orientation index of ( P ncos[2(90-q)]/n). In EFs, the angle between the direction of the longest axis of cell division and that of applied EFs was defined as "q". to the long axis of the adhesive pattern (60% in an angle range from 54 to 126 ; Fig. 1A and B). We next tested whether treatment of WT-MEFs with the Src inhibitor PP2 could recapitulate the results observed in SYF cells. PP2 treatment induced cell division orientation preferentially parallel to the long axis of the "I"-type micropattern (62% in an angle range of 54e126 ; Fig. 1A and B). Therefore, inhibition of Src kinase activity contributed to cell division orientation associated with the long axis of the micropatterns ( Fig. 1D ; Movie S1).
Supplementary video related to this article can be found at https://doi.org/10.1016/j.biomaterials.2018.03.052.
Src decoupled cell division orientation from long axis of cells aligned in an electric field
To test the above results in a different model of controlled orientation of cell long axis, we used electric fields (EFs). When cultured in an EF, MEF cells elongated and oriented their long axis perpendicular to the field line of an applied EF ( Fig. 1HeJ; Fig. S2 ). Exposure to an EF did not induce the orientation of cell division in WT-MEFs, which showed randomized orientation similar to the control cells without EF administration (Fig. 1E, H) . when the Src kinase-inactive SYF-KD cells were exposed to the EFs, however, these cells showed significantly oriented cell division along the long axis of mother cells (p < 0.01, Fig. 1F, I ). Src re-expression abolished the oriented cell division (Fig. 1G, J) . Inhibition of Src using PP2 resulted in increased cell division orientation perpendicular to applied EFs (Figs. S3Ae3C) . The same effect of PP2 in orienting cell divisions perpendicular to the field line was confirmed with a human skin fibroblast cell line (BJ cells, ATCC) (Figs. S3De3H) .
Collectively, these data suggest that Src activation decouples cell division orientation from the long axis of the mother cells aligned either by adhesion pattern or by applied electric fields.
Src inhibition contributed to the correct orientation of mitotic cancer cells
Aberrant activation of Src is found in many types of cancers, including lung, breast, pancreatic, colon, and prostate cancers [36e39]. To investigate the roles of c-src in regulating cell division orientation in cancer cells, we plated MCF-7 breast cancer cells on the "I"-type micropattern. MCF-7 cells plated on an "I"-type micropattern showed random cell division orientation ( Fig. 2A) . PP2 treatment led to the reorientation of mitotic MCF-7 cells along the long axis of the "I"-type micropattern (62% in an angle range of 54e126 ; Fig. 2B, D) .
Src upregulation correlated with cell division misorientation in cancer
To further investigate the role of Src in cell division orientation in cancers, we used confocal microscopy to determine the cell division orientation in breast and gastric cancer tissues. Orientation of mitotic cells was determined in three 3-dimensional reconstructions of serial stacks in the cancerous or noncancerous tissues stained with DNA dyes and antibodies that recognize centrosomes (Fig. 3G, I ). Only mitotic cells that met the following criteria were used for analysis [40] : the displacement of a condensed mitotic nucleus toward the apical surface with the presence of two pericentrin-positive spots, which tend to be brighter in mitosis and in different positions than in nonmitotic cells ( Fig. 3E and F; arrow) . The expression of Par-3 was used to determine the apical surface in breast ductal epithelium ( Fig. 3A and B). We observed that the expression patterns of Par-3 were different between cancerous and normal breast tissues, which correlated significantly with the expression of phosphorylated Src (p-Src). In cancerous tissue, the expression of Par-3 was colocalized with the expression of p-Src and distributed at the apical surface of breast ductal epithelial cells ( Fig. 3A; Figs. S4Ae4C) . In normal tissues, Par-3 expression revealed a more regular spaced arrangement, and was co-localized with p-Src expression at the apical-lateral surface of breast ductal epithelial cells ( Fig. 3B We also examined the Src-induced cell division misorientation in human gastric tumor tissues. Par-3 had similar distribution patterns in normal breast and gastric tissue samples (Fig. 3D) , and was co-localized with p-Src in gastric cancerous cells (Fig. 3C) . Given that Par-3 exhibited aberrant polarity in the cytoplasm of gastric cancer cells (Fig. 3C) , the expression of E-cadherin was then used to determine the apical surface in both normal and cancerous gastric epithelial cells (Fig. 3F) . Consistent with our previous findings, the orientation of cell division was aligned parallel to the apical surface of normal gastric epithelial cells (47. Fig. 3J ).
Src controlled the distribution of cortical cues
To determine the mechanism by which Src activation decoupled cell division orientation from the long axis of mother cells, we investigated Par-3, in part due to its co-localization with p-Src in breast and gastric cancer tissues. In SYF cells, Par-3 was expressed uniformly in the cytoplasm after plating on "I"-type micropattern, (Fig. 4A, D) . When the Src level was high, Par-3 was recruited to the sites of cell-matrix adhesion, normally at corners of the cells (Fig. S5) . Par-3 distributed differently at the adhesive sites in c-Src over-expressing cells on "I"-type micropattern. 42.3% of cells showed fluorescent distribution of Par-3 in four-corner attachment, 25.6% in three-corner attachment, 14.1% in two-corner attachment, and 2.6% in one-corner attachment (Fig. 4GeJ) . Vinculin was chosen as another protein associated with cortical actin activity [41] . In SYF cells, vinculin was distributed homogeneously at the sites of cell attachment to ECM (in almost all SYF cells, Fig. 4B, E) . Src reexpression, however, caused a differential distribution of vinculin to the sites of cell-matrix adhesion (45.5% in four-corner attachment, 21.8% in three-corner attachment, 20% in two-corner attachment, and 12.7% in one-corner attachment; Fig. 4KeN ). . In cancer tissues, Par-3 (red) was observed to co-localize with p-Src (green) in the cytoplasm of gastric cancer cells (C). In normal gastric epithelium, p-Src expression level was low. And, the distribution of Par-3 (red) was detectable at the apicallateral surface of gastric epithelial cells (D). (E, F) Three-dimensional reconstruction of p-Src (green, E) and E-cadherin (green, F) staining to visualize the determining of apical surface (dotted lines), centrosomes labeled with pericentrin antibodies (red) to mark spindle poles, and DNA (DAPI, blue) in breast (E) and gastric (F) cancer tissues. (G, I) Schematic to illustrate the definition of angels. The mitotic orientation was scored as previously described [40] . Briefly, the direction of mitotic cell division was calculated by using the recorded spatial coordinates of spindle poles (marked by centrosomes; E, F) and the apical surface as a reference point (dotted lines; E, F). The axis that runs tangential to the apical surface of the epithelium where the dividing cell lay was used as the reference axis so that a cell division oriented toward the apical surface of the epithelium at an angle of 0 o e30 from this reference line was scored as horizontal. A cell division oriented toward the apical surface at an angle of 60 o e90 from this reference line was scored as perpendicular. (H)
The differences between cell division orientation in the cancerous and normal breast tissues. (J) The differences between cell division orientation in the cancerous and normal gastric tissues. Scale bars represent 20 mm. Results represent mean ± S.D. *P < 0.05, **P < 0.01 All results are representative of 3 independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
As a member of the ERM protein family, ezrin serves as an intermediate between the plasma membrane and the actin cytoskeleton [42] , and plays a key role in organizing polarity in mitotic cells [9] . We detected the expression of phosphorylated ezrin (pezrin) on the cell cortex in both SYF and c-Src overexpressing cells.
In SYF cells, the patches of p-ezrin expression were preferentially localized at the sites of cell-matrix attachment (260/298, 87.2%, Fig. 4C, F) . In c-Src-overexpressing cells, however, the expression of p-ezrin was consolidated to form bright patches that showed diverse distribution at the sites of cell-matrix attachment (54.5% in four-corner attachment, 24.8% in three-corner attachment, 14.9% in two-corner attachment, and 3.3% in one-corner attachment; Fig. 4OeR ). These results demonstrated that Src overexpression contributed to the consolidated and heterogeneous distribution of cortical cue-related proteins at the sites of cell-matrix adhesion.
Src regulated cell-adhesive patterns in guiding cell division orientation
The adhesive environment of a cell is known to exert mechanical forces on the cell [7] . Cell shape, in turn, is a manifestation of these adhesive and tensional patterns [43] . Studies in both single cells and tissues have indicated that mechanical force induced by an adhesive pattern is an important cue for cell division orientation during mitosis [7] . To test the role of Src in regulating adhesionrelated force balance in spindle pole which eventually led to the misorientation of cell division, we initially picked up mitotic divisions with cell-matrix attachment on all of the four corners in SYF, SYF-KD and PP2-treated WT-MEF cells after plating on the "I"-type micropattern. When the cells attached uniformly to the four adhesive corners, these cells contracted equally to finally form a cubic shape before rounding up ( Fig. 5A and B) . The distribution of cell division axes in SYF, SYF-KD and PP2-treated WT-MEF cells were oriented parallel to the long axis of the adhesive micropattern (64% in SYF, 61% in SYF-KD and 63% in PP2-treated WT-MEF cells; Fig. 5D ). We picked the similar mitotic division cells with fourcorner attachment in WT-MEF and c-Src overexpressing cells. Strikingly, the distribution of cell division axes in WT-MEF and c-Src overexpressing cells were also oriented and aligned parallel to the long axis of the "I"-type micropattern (65% in WT-MEF, 61% in cSrc; Fig. 5D ). Moreover, we analyzed the mitotic divisions with three-and two-corner attachment on the sites of cell-matrix adhesion after plating on "I"-type micropattern in SYF, SYF-KD, PP2-treated, WT-MEF and c-Src overexpressing cells (Fig. S6) . Imbalanced cell contraction owing to uneven cell contact with its underlying adhesive substrate led to changes in cell shape. The mitotic cells ultimately formed triangular, horizontal spindle and opposite spindle shape in response to the asymmetric contraction before their rounding up. In most cases, the cells oriented their division axes parallel to the long axis of generated adhesive sites (Figs. S6AeD) . However, when combining all the above divisions with differential cell-matrix adhesive patterns (four-corner, threeand two-corner attachment) together, the orientation of mitotic cells in SYF, SYF-KD and PP2-treated WT-MEF cells were still oriented parallel to the long axis of the underlying micropattern (62% in SYF, 60% in SYF-KD and 62% in PP2-treated WT-MEF cells; Fig. 5E ). Cell division in WT-MEF and c-Src overexpressing cells tended to be less oriented (50% in WT-MEF, 49% in c-Src cells; Fig. 5E ), owing to a lower percentage of four-corner attachment patterns in these cells (65.6% in WT-MEF and 67.2% in c-Src overexpressing cells) than in the Src kinase-inhibited cells (82.2% in SYF, 81.3% in SYF-KD and 85.4% in PP2-treated WT-MEF cells, respectively; Fig. S7 and Movie S2).
Additionally, to further address the role of adhesive patterns on cell division orientation, we plated SYF cells on the medium size Itype micropattern to break the balanced four-corner adhesion pattern and induce localized deprivation of cell-matrix attachment on the cell cortex (Movie S3). The medium size micropattern is bigger than that (small size micropattern) used in our experimental system. SYF cells on the medium size micropattern shifted their attachment on the cell-matrix adhesion frequently. Cell division on medium size micropattern became significantly less oriented when compared with those on smaller size micropattern (p < 0.05, Fig. 5F ). Only 49% of the cells oriented their division along the long axis of adhesive micropattern (angle range from 54 to 126 ; Fig. 5F ). Our results confirmed the contributions of adhesive patterns to cell division orientation, and supported the hypothesis that Src regulated cell-adhesive patterns in guiding cell division orientation (Fig. 5G) .
Computational analysis of Src-induced cell division orientation
A mathematical model has previously been derived to describe the relationship of mitotic cell orientation and the distribution of cortex cues [10] . Here, we used this model to test our quantitative understanding of the role of Src activation. We used a simple plane geometric representation of the spindle following [10] , not counting spindle distortion and microtubule bending ( Fig. 6A;  Figs. S8Ae8D) . The simplifying assumption is that the cell is a circle with radius R, and the spindle is characterized by two poles with the distance 2a between them. The cell orientation is denoted by the angle f(½ À p=2; p=2) between the x-axis and the spindle axis (Fig. 6A) . The cortical angle of each point on the cell cortex is denoted by j (2½0; 2p), and the spindle-cortex vector is R v y ðjÞÞ measured from the pattern center. Taking into account measured data for the spindle center's position distribution (Fig. 6B) , the proper degree polynomials were found to approximate function vðjÞ ¼ ðv x ðjÞ; v y ðjÞÞ. Thus we have FðjÞ ¼ C 1 gðjÞ where C 1 is a constant coefficient.
In the expression for the force, rðqÞ is the angular density of microtubules that accesses the cell cortex at angle q, that is:
where NðjÞ denotes the total number of microtubules emerging from one spindle pole. Since the I-type micropattern was used in our experiments, and we assume that the force generators are distributed uniformly throughout the adhesion pattern, NðjÞ has the form:
p j Using trigonometric formulas (Fig. 6A) , aðqÞ can be calculated from the following expression:
In the expression for the force, m . ðj; fÞ is a unit vector as ½cos gðj; fÞ; sin gðj; fÞ T with g ¼ aðqÞ þ f.
Therefore, a net torque exerted by the force generators is:
Following [10] , the effective energy landscape is defined as
The minima of WðfÞ corresponds to the stable cell division orientations. The orientation of the cell division in our system was studied experimentally on a small size "I"-type micropattern, where the center positions (Fig. 6BeD ) and angular distributions (Fig. 6FeH) of the dividing cells during mitosis were measured. We used the model to calculate and plot the potential energy landscape WðfÞ for the uniform force generator distribution in the "I"-type micropattern (Fig. 6E') . Then, we computed the potential energy landscape from the observed cell orientation distributions in the three cases shown in Fig. 6FeH (Fig. 6F'-H') . The theoretical energy profiles for the cells without Src activation (SYF-KD, WT-PP2) fitted from the experimentally measured angular distribution histograms (Fig. 6F', G') were very close to the idealized energy profile (Fig. 6E') , indicating that in these cells the distribution of the cortex force generators were uniform. On the other hand, the energy profile in c-Src overexpressing cells (Fig. 6H') found from the observed cell division orientation distribution (Fig. 6H) was different, indicating that Src contributed to the heterogeneous distribution of the adhesive molecules at the sites of cell-matrix attachment. In fact, in cells with Src activation, the distribution of cell adhesion molecules correlated with the localization of the cell-matrix attachment. Also, the cell center during division shifted away from the pattern center (Fig. 6D) .
Discussion
The determination of cell division orientation and spindle apparatus orientation during mitosis is largely dependent on cell shape, long axis orientation, and the geometry of the adhesive microenvironment [9, 43] . Proper orientation control is critical to morphogenesis, tissue regeneration, and homeostasis. Therefore, dysfunctions in orientation control is associated with dysfunctional cell growth, i.e. cancer. It is well known that abnormal Src activation is involved in many types of cancers. However, the conventional wisdom is that Src activation maintains the fidelity between cell division orientation and cell shape and adhesion pattern. This work suggests an unrecognized role for Src in misoriented cell division e namely, activation of Src plays a significant role in decoupling cell division orientation from the orientation of the long axis of mother cells. In this study, we used two different external cues to orient the long axes of cells e adhesion pattern and electric fields. Both have robustly oriented the long axes of cells. Using SYF src knockout cell line for ablation of Src signaling caused a gain of function in MEF cells. Significantly, more cells divided following the long axis of their mother cells. Re-expression of src caused loss of function e less oriented cell division following the long axis of mother cells. Using Src kinase-inactive cells (SYF-KD), we demonstrated that it is a kinase-dependent process. This result is supported by pharmacological inhibition of Src in several cell types, including breast cancer cells. These data provide strong evidence suggesting Src activation's contribution to misoriented cell division, perhaps in cancer. In addition, the immunofluorescence detection of Par-3, vinculin and ezrin indicated that Src affected the distribution of cortical cues on cell cortex to manipulate the accumulation and local density of adhesive proteins to the sites of cell-matrix attachment. By analyzing differential division patterns in the cells with or without Src expression and using a mathematical model, we further presented a corroborating and quantitative understanding of our hypothesis that Src regulated cell-adhesive patterns in guiding cell division orientation.
Moreover, our previous study and the research by others showed that cultured cells could respond to direct-current EFs and elongate perpendicularly to the EF vector [44e46]. An emerging theory suggests that the cells tend to elongate and align their cytoskeletal major axis perpendicular to the force direction to minimize the EF gradient [45] . In consistence with previous findings, the SYF-KD cell aligned its long axis perpendicular to the EF and showed a higher aspect ratio (length-to-width) during mitosis when compared with WT-MEF cells (Fig. S9A) . Re-expression of Src, however, united the diversity in cell shape and size, showing a corresponding lower length-to-width ratio (Fig. S9A) . Our hypothesis is consistent with these phenomena, supported by the finding that Src contributes to heterogeneous accumulation of adhesion proteins to the sites of cell attachment to ECM. This may in turn lead to differences in the sensitivity to exogenous EFs and may account for the fact that Src inhibits the EF-induced cell elongation (Fig. S9B) .
Cells in situ, within organs or tissues, are embedded in a highly structured microenvironment, i.e. the extracellular matrix (ECM) and neighboring cells [47] . The topology of the microenvironment imposes specific physical and mechanical cues that influence the spatial distribution of adhesion molecules at sites of cell-matrix and cell-cell contacts (Figs. S4De4F) [7, 8, 48] . Accumulating data in the literature indicates that the orientation of cell division in mammalian cells is dominated by cell adhesion and the associated retraction fibers developed in the interphase [7, 9, 43] . These retraction fibers exert tensile forces and transmit extracellular signals about the adhesive pattern to the mitotic cell through a series of mechano-sensing mechanisms [7, 43, 49] . As the moststudied mechano-sensory complexes, the cell adhesion molecule not only provides a mechanical link between the actomyosin cytoskeleton and the ECM, but also serves as the protein sensor through which signal transduction occurs in response to external mechanical cues [49] . However, the interactions between cells and their ECM are dynamic and reciprocal [49] . Transcellular tension transmitted across adherens junctions affects ECM remodeling, which in turn directs the localization of cellematrix and cellecell adhesions, and further modulates the lipid membrane composition, actin dynamics (e.g. protrusion and contraction), microtubule stability and eventually the polarity of the entire cell [7, 43, 49] . The ECM topological reorganization and alterations in spatiomechanical cues are also important for cell division orientation and morphogenesis [8, 48] . Given these findings, the cell-matrix and cell-cell adhesions and related proteins in mechano-sensing and mechano-transduction play critical roles in various cellular activities, including motility, morphological changes, proliferation, differentiation and cortical polarity formation. Although studies conducted in recent years have provided insight into the mechanisms concerning adhesion-mediated mechano-sensing and mechano-transduction, there is also a need to elucidate the intrinsic biomolecules and their involvement in regulation of the cortical organization of cell adhesion molecules that correlate with the activities of subcortical actin filaments. The global, interwoven regulation of cellular response to these extrinsic (applied) and/or intrinsic (cell-generated) cues will contribute to our better understanding on ordered behavior of cell populations, tissue morphogenesis, and pathogenesis of many human diseases, including the development of cancer. Here, we demonstrated genetically and pharmacologically, in two experimental models, a novel role of Src: Src activation resulted in the localized deprivation or accumulation of cell adhesions at sites of cell-matrix and cell-cell contacts. This subsequently affected the assembly of actin filaments in response to the geometry of external adhesive conditions and led to the dysregulation of cell division orientation during mitosis. Our data indicated Src as an intrinsic factor that modulates the distribution of cortical signals during mitotic division. This novel effect also highlights the importance of this oncogene in tumorogenesis in addition to the other known functions of Src activation in cell proliferation [50] and migration [51] . Particularly, we found that the expression of Par-3 was irregular in breast and gastric cancerous epithelial cells when compared to the corresponding normal controls (Fig. 3A, C; Fig. S4 ). Unusual activation of Src and aberrant changes in Par-3 distribution resulted in a decrease in the lateral cell-to-cell association in both breast and gastric cancerous tissues ( Fig. 3A, C; Fig. S4 ), which may represent one of the mechanical and biochemical basis responsible for the uncontrolled growth and invading activity of cancer cells.
In conclusion, Src regulated the accumulation and local density of adhesive proteins to the sites of cell-matrix attachment. Src activation renders fewer adhesion sites, which may affect the mechanical force balance on the spindle pole and subsequently induce cell division misorientation. This novel role of Src suggests another important aspect of Src in tumorigenesis and metastasis where misoriented cell division and uncontrolled migration are keys to malignancy.
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